Background and Objective-Elevated C-reactive protein (CRP) levels are associated with increased cardiovascular events and endothelial dysfunction. We have previously shown that CRP decreases endothelial nitric oxide synthase (eNOS) activity in endothelial cells and inhibits endothelium-dependent nitric oxide (NO)-mediated vasodilation in-vitro. Herein, we examined the effect of in-vivo administration of CRP on endothelial function and underlying mechanisms in a valid animal model.
Introduction
Inflammation plays a critical role in atherogenesis. C-reactive protein (CRP) is a prototypic marker of inflammation, and has been shown in numerous prospective studies, to predict cardiovascular events (1, 2) . While CRP is a risk marker, much data are evolving to suggest that CRP also promotes atherothrombosis (3) . To date, numerous groups have shown proinflammatory and pro-atherogenic effects of CRP in-vitro (4) (5) (6) . Although, the data with respect to the promotion of atherosclerosis in CRP transgenic (Tg) mice is conflicting, it appears that following certain perturbations, vasoreactivity is impaired (7, 8) . In addition, two groups (9, 10) have shown that CRP causes down regulation of endothelial nitric oxide synthase (eNOS) by decreasing eNOS activity and nitric oxide (NO) bioactivity in endothelial cells (ECs). Also, very recently, we showed that CRP uncouples eNOS in human aortic ECs (HAECs) (11) . Largely, the reports in the literature corroborate the inverse relationship between CRP and endothelium-dependent vasoreactivity in human subjects (12) (13) (14) .
Despite all the above stated reports in-vitro, there is a paucity of in-vivo data along with plausible mechanistic insights for the inhibitory effect of CRP on eNOS in a valid animal model under steady state conditions. The reports of human CRP effects in mice are conflicting (6) . However, human CRP administration in rats has been reported to promote myocardial infarct size (15) and cerebral infarct (16) in coronary artery ligation and cerebral artery occlusion models, respectively. Furthermore, Pepys et al (17) have recently validated the rat as an appropriate model to test the effect of human CRP by blocking CRP's effects on infarct size with a small molecular weight inhibitor of CRP. We also recently showed the rat to be a valid model to test various pro-inflammatory effects of CRP in terms of increased Ox-LDL uptake, MMP-9 release, superoxide and tissue factor release in macrophages (18, 19) . Based on aforementioned studies, we explored the in-vivo effect of CRP on vascular reactivity and eNOS inhibition as well as the possible underlying mechanisms following intraperitoneal administration of human CRP in a rat model.
Materials and Methods
Acetylcholine, sodium nitroprusside, N ω -nitro-L-arginine-methyl ester (L-NAME) and human serum albumin were purchased from Sigma-Aldrich. The antibodies to eNOS, p47phox, guanosine triphosphate cyclohydrolase 1 (GTPCH1), and β-actin were obtained from Santa Cruz Biotechnology. CRP was purified from human ascitic/pleural fluids as described (18, 19) . LPS contamination was 0.125 endotoxin units/ml (~12.5 pg/ml) by the Limulus Assay (Cambrex). Recently, we have shown that our in-house purified, dialyzed CRP mediates its inflammatory effects in TLR4 knocked down cells providing further cogent data that CRPmediated effects are not due to endotoxin contamination (20) .
Animal Treatment
Male Sprague-Dawley rats (weighing 125-150 gm) were obtained from Charles River Lab. The protocol was approved by the animal committee of University of California at Davis and Texas A&M Health Science Center at Temple. The rats were divided into 2 groups; Group 1 (n = 5) -human serum albumin [HuSA], Group 2 (n = 7) -human CRP [CRP] . Additionally, experiments were performed in-vitro on mesenteric arterioles isolated from control rats (no treatment, n = 8). HuSA/CRP (20 mg/kg b.w) was injected intraperitoneally daily for 3 days as reported previously (18, 19) . The rats were sacrificed on the 4 th day by overdose of pentobarbital following an overnight fast and the blood samples were collected for serum. The small intestine was removed following a median incision of the abdomen and immediately placed on iced (5 C) saline for isolation of the mesenteric arterioles for vasodilation/functional studies. Human CRP levels were measured in rat serum, which was done by a high sensitive assay (21) that does not recognize rat CRP. The abdominal aorta was excised, adventitial layer was removed quickly and the remaining aorta was snap-frozen in liquid nitrogen and then stored at − 80°C until use for various biochemical and molecular analysis.
Functional Assessment of Isolated Mesenteric Arterioles
Single third-order arterioles (~1 mm in length; 40-80 μm in internal diameter in situ) were carefully isolated from the mesentery and surrounding adipose tissue using microdissection scissors and forceps (Fine Science Tools, Foster City, CA) with the aid of a stereomicroscope (model SZX12, Olympus). The arteriole was then transferred for cannulation to a Lucite vessel chamber containing physiological salt solution (PSS; in mM: NaCl 145.0, KCl 4.7, CaCl 2 2.0, MgSO 4 1.17, NaH 2 PO 4 1.2, glucose 5.0, pyruvate 2.0, EDTA 0.02, and MOPS 3.0) with 1% albumin equilibrated with room air at ambient temperature. One end of the arteriole was cannulated using a glass micropipette (tip outer diameter of 30-40 μm) filled with PSS-albumin solution, and the outside of the arteriole was securely tied to the pipette with 11-0 ophthalmic suture (Alcon). The other end of the vessel was cannulated with a second micropipette and also secured with suture. After cannulation, the vessel and pipettes were transferred to the stage of an inverted microscope (model CKX41, Olympus) coupled to a video camera (Sony DXC-190, Labtek) and video micrometer (Cardiovascular Research Institute, Texas A&M Health Science Center) for continuous measurement of the internal diameter throughout the experiment (22) . The micropipettes were connected to independent pressure reservoirs. By adjusting the height of the reservoirs, the vessel was pressurized to 60 cm H 2 O intraluminal pressure without flow.
Experimental Protocols for Mesenteric Arterioles
Cannulated arterioles from HuSA-treated, CRP-treated, or nontreated rats were bathed in PSSalbumin at 36-37 °C to allow development of basal tone. After vessels obtained stable basal tone (~60 min), the concentration-dependent responses to acetylcholine (ACh, 0.1 nM to 0.1 mM) and sodium nitroprusside (SNP, 0.1 nM to 10 μM) were examined. In vessels from control rats without HuSA or CRP treatment, vasodilations to ACh and SNP were evaluated before and after incubation with NOS inhibitor L-NAME (10 μM) (5,23,24) for 30 min or following intraluminal incubation with CRP (7 μg/ml) or boiled CRP (7 μg/ml) for 60 min. Mesenteric arterioles were exposed to each dose of the vasodilator agents for 1-2 min until a stable diameter was established. Recent evidence has shown in rat mesenteric arteries that L-NAME-sensitive NO mediates the stable, sustained component of the dilation to acetylcholine (25) . All drugs were dissolved in PSS. At the end of each functional experiment, the vessel was relaxed with 0.1 mM SNP in EDTA (1 mM)-calcium-free PSS to obtain its maximal diameter at 60 cmH 2 O intraluminal pressure. All diameter changes in response to agonists were normalized to this maximal vasodilation and expressed as a percentage of maximal dilation as previously reported (26) .
Tissue Homogenates
The abdominal aortic tissue was homogenized in 0.3 ml of ice cold lysis buffer (Cell Signaling Technology) containing 1% Triton X-100, 25 mM sodium deoxycholate, 150 mM NaCl, 20 mM Tris, pH 7.4, 1 mM EDTA, 200 μM sodium orthovanadate, 2.5 mM sodium pyrophosphate, 1 mM NaF, 1 mM phenylmethysulfonyl fluoride and 2.5% protease inhibitor cocktail. After homogenization, tissue homogenate was kept on ice for 30 min, followed by centrifugation at 10,000×g for 10 min at 4 °C. Cytosolic and membrane fractions were prepared by the method used by Wenzel et al (27) to determine translocation of p47phox from cytosol to membrane.
eNOS Enzymatic Activity
The aortic homogenates were used for the measurement of eNOS enzymatic activity, by assessing the conversion of 14 C-L-arginine to 14 C-L-citrulline as previously reported (10) .
Assay of eNOS Dimer/Monomer
eNOS dimer (active state) and monomer (inactive state) forms were assayed as a measure of eNOS uncoupling in aortic homogenates. The low temperature SDS-PAGE (6% mini gels) was run at 70V using non-boiled cell lysates and reducing sample buffer as described (11) .
Detection of Superoxide
Superoxide production in aorta was evaluated with the fluorescent dye dihydroethidium (DHE) (28) . Abdominal aortic tissues isolated from HuSA/CRP treated rats in-vivo were stained with DHE (4 μM) for 30 min, washed, and then embedded in OCT compound (Tissue-Tek) for cryostat sections. The embedded tissue was cut into sections 10-μm-thick and placed on glass slides. Images were taken with a fluorescence microscope. Settings for image acquisition were identical for both control and experimental tissues.
CRP and p47phox Translocation
We have previously reported that pharmacologic inhibition (by using apocynin -an inhibitor of p47phox translocation from cytosol to membrane) as well as RNA interference (siRNA to p47phox or to p22phox and not control siRNA) of NADPH oxidase reversed CRP-mediated inhibition of eNOS in HAECs in-vitro (11) . In the present study, we assayed for p47phox translocation from cytosol to membrane fractions of abdominal aorta from rats treated with HuSA or CRP in-vivo. Membrane and cytosolic fractions isolated from aortic tissue homogenates were electrophoresed and immunoblotted for p47phox.
CRP, eNOS Uncoupling, BH 4 Levels and GTPCH1 Expression
eNOS uncoupling has been linked to reduced tetrahydrobiopterin (BH 4 ) availability (29), thus we tested the hypothesis that CRP-mediated eNOS uncoupling results from decreased BH 4 levels. BH 4 quantification was performed by high performance liquid chromatography (HPLC) with electrochemical detection (EC-HPLC) as previously described (30) . Intracellular concentrations of BH 4 were determined using authentic BH 4 (10-100 nM) as standards and then normalized to protein content. Since BH 4 is synthesized in a de novo fashion from guanosine triphosphate (GTP) via GTPCH1 we also examined the protein expression of GTPCH1 in aortic homogenates by western blotting using goat anti-rat GTPCH1.
For all western blot experiments, the membranes were blocked with 5% milk and then incubated with respective primary antibody (anti-eNOS, anti-GTPCH1, anti-p47phox or anti-β-actin [which served as loading control]) in 5% non-fat dry milk powder/TBS. After washing and incubating with specific HRP-conjugated secondary antibodies, the membranes were developed with enhanced chemiluminescence (Amersham-Pharmacia).
Statistical Analysis
Experimental results are presented as the mean ± SEM. Statistical comparisons of data were performed by Student's t test or by two-way analysis of variance followed by the Bonferroni multiple-range test, as appropriate. The EC 50 values are presented as the negative logarithm (pEC 50 ) and calculated by fitting concentration-dependent response curves to a sigmoidal model of the form log-concentrations versus response using GraphPad Prism software. A value of P < 0.05 was considered significant.
Results
In mesenteric arterioles isolated from control rats, both ACh ( Fig 1A) and SNP (Fig 1B) produced concentration-dependent dilation. To assess the involvement of NOS in the vasodilation to these agents, vessels were treated with NOS inhibitor L-NAME. In the presence of L-NAME (10 μM), the basal vascular tone was slightly increased but did not reach statistical significance (before L-NAME: 64±3% of maximal diameter; after L-NAME: 60±4% of maximal diameter; P = 0.08). However, the dilation of these vessels to ACh but not SNP was significantly inhibited (Figure 1) , indicating the involvement of endothelial released NO in the ACh-induced vasomotor response. To determine whether CRP can directly influence NOmediated dilation, the vascular responses to ACh and SNP were assessed before and after intraluminal incubation with CRP (7 μg/ml) for 60 min. Exposure of vessels to CRP did not alter basal tone (Control: 70±7 μm resting diameter, 65±1% of maximal diameter; CRP: 69±9 μm resting diameter; 63±5% of maximal diameter; P = 0.57) or the sensitivity (pEC 50 ) to ACh (Control = 6.86±0.12 vs. CRP = 6.99±0.50; P = 0.99). However, the maximal vasodilation to ACh but not to SNP was significantly attenuated after incubation with CRP (Fig 1A) , suggesting the direct inhibitory action of luminal CRP on the efficacy of the ACh-stimulated endothelial NO signaling pathway. Incubation with boiled CRP did not alter resting tone (Control: 76±6 μm resting diameter, 66±4% of maximal diameter; CRP: 80±8 μm resting diameter, 69±4% of maximal diameter; P = 0.08) or arteriolar dilation of to ACh (Fig 1A) , supporting the specific inhibitory action of intact CRP on vasodilator function.
Serum levels of CRP were higher in rats following 3-day administration of CRP than HuSA (17±6 μg/ml vs. undetected, CRP and HuSA groups, n = 5 and 7 respectively, P<0.001). The impact of in-vivo CRP treatment on ACh-stimulated vasodilator function was evaluated in mesenteric arterioles isolated from CRP-treated and HuSA-treated rats. Both groups of vessels developed a comparable level of resting basal tone (HuSA: 86±14 μm resting diameter, 71±4% of maximal diameter; CRP: 70±6 μm, 72±2% of maximal diameter; P = 0.86). Similar to the decreased dilations to ACh following L-NAME or CRP treatment in-vitro of control vessels, the maximal vasodilator response (HuSA, 10 −4 M ACh: 81±8 % vs. CRP, 10 −5 M ACh: 35 ±5%) but not sensitivity (HuSA: pEC 50 = 6.98±0.17 vs. CRP: pEC 50 = 7.10±0.32; P = 0.76) to ACh was significantly attenuated in vessels isolated from CRP-treated rats (Fig 2A) . In-vivo CRP or HuSA treatment did not alter SNP-induced vasodilation (Fig 2B) , indicating that the CRP does not alter ability of the vascular smooth muscle to respond to NO. Overall, our results indicate that CRP treatment in-vivo significantly attenuates endothelium-dependent NOmediated vasoreactivity.
CRP treatment resulted in significant inhibition of eNOS activity in rat aortic tissue homogenates (P<0.05 compared to HuSA, Fig 3A) . Since we recently reported that CRP uncouples eNOS in-vitro in HAEC, we also studied eNOS uncoupling following CRP administration in-vivo. To confirm this, we assayed eNOS dimerization, superoxide production, BH 4 levels and GTPCH1 expression in aortic tissues. Endothelial NOS dimerization was altered in aortic tissue following CRP treatment. As depicted in Fig 3B, the ratio of eNOS dimers to monomers was significantly lower (P<0.03) in aortic tissues of CRPtreated than in HuSA-treated rats.
Since increased superoxide production via NADPH oxidase could result in eNOS inhibition, we explored whether CRP compared to HuSA administration in-vivo induces superoxide production in aortic tissue. In-vivo treatment with CRP markedly increased DHE staining in the endothelial layer, supporting increased vascular superoxide (Fig 4) . The p47phox translocation is the key event in NADPH oxidase activation, so we next examined whether CRP treatment in-vivo affects p47phox translocation from cytosol to membrane fraction of abdominal aorta. As shown in Fig 5A , the p47phox level in aortic homogenates from CRPtreated compared to HuSA-treated rats was significantly increased in membrane fractions with concomitant decrease in cytosolic fractions. This translocation supports activation of vascular NADPH oxidase with exposure to CRP in-vivo as evidenced by increased DHE staining.
The availability of BH 4 has been reported to regulate the coupling/uncoupling of eNOS activity. CRP treatment compared to HuSA treatment in-vivo resulted in significant reduction of both BH 4 ( Fig 5B) and GTPCH1 protein expression in aortic tissue (Fig 5B) .
Discussion
CRP induces endothelial dysfunction including inhibition of eNOS. Previously, we and others (9,10) have shown that CRP causes downregulation of eNOS in human aortic and coronary artery ECs. Recently, we identified multiple mechanistic events involved in CRP-mediated eNOS inhibition and documented that NADPH oxidase activation and GTPCH1 downregulation are associated with CRP-mediated eNOS uncoupling in HAECs in-vitro (11) . Our present results appear to provide the first evidence for impairment of eNOSdependent vasodilation following exposure to clinically relevant concentration of human CRP in vivo Although various investigators have shown in-vivo that CRP Tg mice (7, 8) or mice injected with human CRP (28,32) exhibit endothelial dysfunction, these studies had limitations as discussed below. Grad et al (7) have reported suppression of eNOS expression and bioactivity in femoral arteries of CRP Tg mice at 24 hrs following local arterial wire injury, as well as in distant heart and lung tissues, when CRP levels of ~58 μg/ml were achieved. Importantly, they did not reveal any significant effect on baseline eNOS levels between wild type (WT) and CRP Tg mice, although CRP levels reported at baseline were undetected and clinically relevant at 12 μg/ml, respectively, in these groups of mice. However, endothelium-dependent vasoreactivity was not examined in this study. Teoh et al (8) reported impaired endothelial function, including reduction in vasoreactivity, nitric oxide release, and phosphorylated eNOS protein expression, as well as increase in expression of adhesion molecules in CRP Tg mice. However, these effects were observed only after administration of pro-inflammatory turpentine compared to vehicle control in CRP Tg mice. There was no difference in any of the parameters tested between WT and CRP Tg mice (i.e. at steady state in CRP Tg mice compared to WT mice). Turpentine treatment increased circulating CRP levels to 276 μg/ml. We would like to point out that the CRP levels achieved in this study, which resulted in endothelial dysfunction, are extremely high and can only be achieved with major inflammatory episodes. Furthermore, Schwedler et al (28) have reported that human CRP (2.5 mg/kg, subcutaneous; weekly for 8 weeks) compared to saline (control group) administration in ApoE knockout mice impairs endothelium-dependent vasorelaxation of isolated aortic rings. Since these authors have reported the presence of anti-CRP antibodies in mice following subcutaneous treatment with human CRP, it is speculated that the pathogenic effects observed in their study might be due to the presence of antigen-antibody complexes and not to a CRP effect. The pathophysiologic significance also remains unclear since circulating CRP levels were not reported. Impaired endothelial function in vivo was demonstrated by Mineo et al in C57BL/6 mice (32). Intraperitoneal administration of CRP (250 μg) compared to vehicle control resulted in 50% reduction of ACh-induced increase in carotid artery vascular conductance. Collectively, these earlier studies support the detrimental influence of CRP administration in-vivo on endothelial function. However, no detailed mechanisms have been provided for the CRP-mediated endothelial dysfunction, except that these effects appear to be mediated via FCγ receptors (32) . A valid animal model to test the effect of human CRP has been an issue in the literature in the past. As reviewed recently (6), CRP is not a major acute phase protein in mice. Furthermore, human CRP has been reported to generate immune responses in mice (33) and its impact on atherosclerosis in mice is conflicting (34, 35) . Thus, testing the effects of human CRP in the mouse model does not seem to be of great relevance. On the other hand, the rat has been used as an alternate model to explore the effects of human CRP in-vivo as recently validated by Pepys et al (17) . As described earlier, we have demonstrated increased Ox-LDL uptake, MMP-9 release, and superoxide and tissue factor release in macrophages in Wistar rats following human CRP treatment in-vivo (18, 19) . These attributes further support the rat rather than the mouse as a suitable model to test effects of human CRP in-vivo. In the present study, we explored the effects of human CRP vis-à-vis HuSA administration in Sprague-Dawley rats on endothelial vasoreactivity and dysfunction with further delineation of underlying mechanisms.
We first tested the effect of human CRP by in-vitro treatment on vasoreactivity of mesenteric arterioles isolated from control rats. It is worthwhile to note that the we have previously reported significant inhibition of endothelium-dependent NO-mediated dilation in porcine coronary (28) and retinal (5) arterioles by CRP treatment in-vitro. In the present study, the vasodilation to ACh but not SNP was significantly attenuated in mesenteric arterioles following incubation with human CRP (7 ug/ml), suggesting the direct inhibitory action of luminal CRP on the endothelial NO signaling pathway. Incubation with boiled CRP failed to have any effect, supporting the action of intact CRP per se on vasodilator function. It is worth noting that CRP levels in the range of 3-10 μg/ml indicate high risk (1,2,6). Our findings suggest that CRP levels known to predict adverse cardiovascular events could also impair endothelial function of mesenteric resistance vessels, and thus influence peripheral blood flow.
Much clinical evidence demonstrates an inverse correlation between CRP levels and endothelial vascular reactivity in human subjects (2, 13, 14) . In the present study, we translated our in-vitro findings with human CRP administration in-vivo resulting in circulating CRP levels of 17 μg/ml. These levels are achieved in human patients. We demonstrated significant attenuation of the endothelium-dependent NO-mediated dilation in mesenteric arterioles. Our findings indicate that the efficacy of the maximal response to acetylcholine is reduced following CRP treatment in-vivo, but the sensitivity or potency remains constant. It is likely that the uncoupling of the receptor-effector signaling cascade for NO production, as delineated in our molecular findings below, contributes to the reduction in maximal vasodilator capacity. Earlier, Ridker and Cook (1) have shown that CRP levels ~20 μg/ml predict future cardiovascular events. Additionally, CRP levels up to 50 μg/ml have been reported in patients with myocardial infarction (36) . Thus, the levels of CRP achieved in the circulation by intraperitoneal administration of CRP in rats showing an adverse effect on vasoreactivity can be possibly attained in patients. It appears that CRP did not exert a general impairment of vasodilator function because vasodilation to endothelium-independent pharmacological agent SNP was unaffected. Thus, in the present study, we demonstrate for the first time that in-vivo treatment with human CRP attenuates endothelium-dependent NO-mediated dilation in a rat model at baseline.
Endothelial dysfunction has been linked to uncoupling of eNOS via reduction in BH 4 availability (29,37) and/or dimerization of the enzyme with resultant decrease in its functional activity. Administration of BH 4 improves endothelial dysfunction in conditions characterized by reduced availability of NO and increased production of reactive oxygen species (14, (38) (39) (40) . Importantly, BH 4 availability is regulated by GTPCH1 (29) . An earlier report by Cai et al (41) has shown that GTPCH1 gene transfer augments intracellular BH 4 , as well as eNOS activity, in cultured human endothelial cells. Recently, Takaya et al (42) showed that augmenting BH 4 levels in the endothelium by GTPCH1 overexpression reduces atherosclerosis in ApoE KO/eNOS Tg mice. Based on these findings, GTPCH1 is reported to be a potential and rational target to augment endothelial BH 4 in reversing eNOS activity in endothelial dysfunctional states. In the present study, we demonstrated a significant reduction in GTPCH1 expression and BH 4 levels in rat aortic tissues following CRP administration in-vivo. These findings are consistent with our previous report, where we showed significant reduction in GTPCH1 protein and mRNA with CRP treatment and that sepiapterin, a BH 4 analog, rescues the uncoupling of eNOS by CRP in-vitro (11) . Overall, it appears that CRP-mediated decreased expression of GTPCH1 underlies the explanation for the deficiency of BH 4 induced by CRP. Dimerization is also required for catalytic activity of functional eNOS (43) . Our present findings showing significantly decreased eNOS dimer/monomer ratio by CRP administration in-vivo further supports CRP-mediated eNOS uncoupling. Taken together, diminution in both BH 4 availability and eNOS dimerization appear to contribute to the endothelial dysfunction following CRP treatment in-vivo.
A growing body of evidence suggests a pivotal role of NADPH oxidase in vascular oxidant stress resulting in eNOS uncoupling (44) . We have previously reported that CRP induces the production of superoxide anions in HAECs via upregulation of NADPH oxidase, as evidenced by increased p22phox and p47phox (11) and also inhibits endothelium dependent NO-mediated dilatation by activating p38 kinase and NADPH oxidase in coronary arterioles in-vitro (28) . In the present study, we report that CRP administration in-vivo resulted in increased DHE fluorescence (superoxide production) as well as translocation of p47phox from cytosol to membrane, supporting activation of NADPH oxidase in aortic tissue. Overall, these results indicate that CRP administration in-vivo causes NADPH oxidase activation resulting in superoxide production and eNOS uncoupling. Different sources for reactive oxygen species production in vascular cells are NADPH oxidase, mitochondrial respiratory chain enzymes, xanthine oxidase and uncoupled eNOS (44) . Earlier, we have delineated that NADPH oxidase and uncoupled eNOS rather than mitochondrial respiratory chain enzymes or xanthine oxidase mediate CRP-induced superoxide production in HAECs in-vitro (11) . We have also recently shown in an air pouch model that CRP administration stimulates superoxide release via NADPH oxidase in macrophages harvested from pouch exudates and that this is reversed by pretreatment with apocynin (18) . Nonetheless, we document NADPH oxidase activation in intact blood vessels, which might be responsible for the increased superoxide production in the present study. In support of our findings, there is documented link between oxidative stress, NADPH oxidase, BH 4 levels and eNOS uncoupling with published evidence that activation of NADPH oxidase-derived superoxide leads to oxidation of BH 4 and uncoupling of eNOS (45) . Our results are also supported by a recently published report (46) demonstrating that NADPH oxidase plays a very important role in eNOS uncoupling mediated by hypochlorous acid, the major oxidant of leukocyte-derived myeloperoxidase. A limitation of the present study is that we did not measure prostacyclin and endothelin-1 in the arterial tissues.
We have demonstrated a novel effect of human CRP in-vivo in rats without any additional perturbation as reported in studies in mice. CRP specifically impairs endothelium-dependent vasoreactivity at concentrations achievable in patients. Endothelial dysfunction induced by CRP appears linked with uncoupling of eNOS due to reduction in dimerization of the enzyme, as well as inhibition of GTPCH1 and decrease in BH 4 levels. CRP also causes the activation of NADPH oxidase resulting in eNOS uncoupling directly or via inhibition of GTPCH1 or oxidation of BH 4 . Thus, given the importance of CRP-induced pro-oxidative effects and resultant eNOS inhibition, CRP appears to be a key molecule to accentuate endothelial dysfunction. Also, since statins lower both low-density lipoproteins and CRP, both factors that decrease eNOS activity, this might explain in part the significant benefit of statins for cardiovascular events. In future studies, we will test the in-vivo effects of sepiapterin and apocynin on the uncoupling of eNOS by CRP since it is beyond the scope of this study. To conclude, strategies aimed at decreasing CRP (17) may prove to be beneficial in preventing endothelial dysfunction and reducing atherosclerosis-related events. Effect of in-vitro CRP treatment on vascular reactivity. a) Dilation of mesenteric arterioles isolated from control rats to acetylcholine was examined before and after incubation with NOS inhibitor L-NAME (10 μM) for 30 min or with CRP (7 μg/ml) or boiled CRP (7 μg/ml) for 60 min. b) Dilation of mesenteric arterioles to sodium nitroprusside was examined before and after incubation with L-NAME (10 μM) or CRP (7 μg/ml). n = number of vessels/1 per rat. *P<0.05 L-NAME or CRP vs. Control. Effect of in-vivo CRP treatment on vascular reactivity. Concentration-dependent dilation of mesenteric arterioles isolated from HuSA-treated or CRP-treated Sprague-Dawley rats to (a) acetylcholine and (b) sodium nitroprusside was examined. n = number of vessels/1 per rat. *P<0.05 vs. HuSA in-vivo. Effect of in-vivo CRP treatment CRP on eNOS activity and eNOS uncoupling. A) Abdominal aortic segments were isolated HuSA-treated or CRP-treated rats and eNOS activity was measured by assessing the conversion of 14 C-L-arginine to 14 Effect of in-vivo CRP treatment on vascular superoxide production. Abdominal aortic segments isolated from HuSA-treated or CRP-treated rats were incubated with oxidative fluorescent dye DHE and the luminal surface of the vessels was imaged using fluorescence microscopy. Endothelial cells are denoted by arrows. Data shown are representative of 4 separate experiments. A) Effect of in-vivo CRP treatment on p47phox translocation. Aortic segments were isolated from HuSA-treated and CRP-treated rats and relative protein levels of p47 phox subunit in membrane and cytosol fractions of tissue homogenates were measured. The top panel shows a representative immunoblot using p47phox antibody and the bottom panel shows the densitometric analysis. *P<0.05 vs. HuSA. Data represent 4 rats per group. B) Effect of invivo CRP treatment on BH 4 levels and GTPCH1 expression. The top panel shows BH 4 levels in aortic homogenates isolated from HuSA-treated and CRP-treated rats. The bottom panel shows immunoblots for GTPCH1 and β-actin from these aortic homogenates. The densitometric ratio is provided. Data represent 4 rats per group for both BH 4 and GTPCH1 analysis. *P<0.05 vs. HuSA.
